X-Ray Microanalysis of Diffusible Elements in Plant Cells After Freeze-Drying, Pressure-Infiltration with Ether and Embedding in Plastic by Fritz, E.
Scanning Microscopy 
Volume 3 Number 2 Article 15 
5-30-1989 
X-Ray Microanalysis of Diffusible Elements in Plant Cells After 
Freeze-Drying, Pressure-Infiltration with Ether and Embedding in 
Plastic 
E. Fritz 
Forstbotanisches Institut der Universität Göttingen 
Follow this and additional works at: https://digitalcommons.usu.edu/microscopy 
 Part of the Life Sciences Commons 
Recommended Citation 
Fritz, E. (1989) "X-Ray Microanalysis of Diffusible Elements in Plant Cells After Freeze-Drying, Pressure-
Infiltration with Ether and Embedding in Plastic," Scanning Microscopy: Vol. 3 : No. 2 , Article 15. 
Available at: https://digitalcommons.usu.edu/microscopy/vol3/iss2/15 
This Article is brought to you for free and open access by 
the Western Dairy Center at DigitalCommons@USU. It 
has been accepted for inclusion in Scanning Microscopy 
by an authorized administrator of DigitalCommons@USU. 
For more information, please contact 
digitalcommons@usu.edu. 
Scanning Microscopy, Vol. 3, No. 2, 1989 (Pages 517-526) 0891-7035/89$3.00+.00 
Scanning Microscopy International, Chicago (AMF O'Hare), IL 60666 USA 
X-RAY MICROANALYSIS OF DIFFUSIBLE ELEMENTS IN PLANT CELLS AFTER FREEZE-DRYING, 
PRESSURE-INFILTRATION WITH ETHER AND EMBEDDING IN PLASTIC 
E. Fritz 
Forstbotanisches Institut der Universitat Gottingen 
Blisgenweg 2, D-3400 Gottingen, Federal Republic of Germany 
Phone No. 0551/393487 
(Received for publication March 31, 1989, and in revised form May 30, 1989) 
Abstract 
The technique of vacuum-pressure in-
filtration of freeze-dried plant tissues 
with diethyl ether and plastic, origi-
nally developed for the Ifllular locali-
zation of water-soluble C-assimilates, 
proved to be suitable for X-ray microana-
lysis of diffusible elements at the sub-
cellular level. Apart from movements of 
elements caused by ice crystal formation 
and collapse of eutectic structures seve-
ral lines of evidence suggest that addi-
tional dislocations of elements during 
the preparation were minimal: (1) Soluble 
Ca remained evenly distributed in vacuo-
les, (2) the contents of K relative to Ca 
were the same at different sites within a 
vacuole, (3) the relative vacuolar Ca-
contents of different leaves, determined 
by X-ray microanalysis, corresponded to 
the relative Ca-contents of pressed saps 
of the same leaves as analyzed by atomic 
absorption spectrometry. 
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The preparation of tissue for loca-
lization studies of diffusible elements 
requires special techniques which prevent 
or at least largely reduce the loss and 
redistribution of these substances. 
After rapid freezing, an essential 
step in all preparation procedures 
(Steinbrecht and Mliller 1987), the tissue 
can be prepared as bulk material for ana-
lysis in the scanning electron micros-
cope, either in frozen-hydrated or 
freeze-dried state. This procedure is 
comparatively simple and has been used 
successfully with plant material (Echlin 
and Saubermann 1977; Storey et al. 1983). 
The known drawbacks of analyzing bulk ma-
terial are: a) relatively poor spatial 
resolution; b) difficulties to assign 
the generated X-rays to a particular tis-
sue structure: the electron beam pene-
trates to a certain depth into the sample 
and may excite X-rays from unknown tissue 
compartments; c) quantification of X-ray 
measurements is more difficult than with 
thin section analysis. 
Therefore, a reliable technique per-
mitting X-ray analysis of thin sectioned 
material would be highly desirable. Cryo-
sections offer the best chance of 
avoiding ion losses or displacements, but 
cryosectioning of non-meristematic plant 
material is extremely difficult due to 
structural heterogeneity (e.g., cell wall 
compared to vacuole). At the present 
time, embedding in plastic seems to be 
the most promising way to obtain thin 
sections of plant material with accep-
table quality permitting high-resolution 
X-ray microanalysis. 
Freeze-substitution followed by 
plastic embedding has been successfully 
used for processing plant material for X-
ray microanalysis of diffusible elements 
(Lauchli et al. 1970; Harvey et al. 1976; 
Harvey 1980). The other possible tech-
nique, plastic embedding after freeze-
drying, has been used much less. It has 
sometimes been used for microanalysis of 
animal and human tissue (Ingram and 
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Ingram 1984; Wr6blewski and Wr6blewski 
1986) but only very seldom for plant tis-
sue (Bauch and Schroder 1982; Grote and 
Fromme 1984). This is probably due to 
difficulties encountered with the infil-
tration of dry plant tissue with plastic. 
The potential of freeze-drying and plas-
tic embedding for the retention of water-
soluble material in plant tissue could be 
demonstrated for the first time in 1970 
(Fritz and Eschrich 1970). The method was 
much improved by utilizing pressure du-
ring the infiltration process (Fritz 
1980) and is used now in several labora-
tories as a reliable technique fo 1 micro-autoradiography of water-soluble 4c-sub-
stances at the cellular level (Fritz et 
al. 1983, 1989; Blechschmidt-Schneider 
and Eschrich 1985; Langenfeld-Heyser 
1987; Fromm and Eschrich 1988a). 
During investigations of forest die-
back in Germany there was an urgent need 
of gaining precise information on ion 
distribution i~ fine roots of trees. The 
technique of C-microautoradiography of 
water-soluble assimilates (Fritz 1980) 
was modified and proved to be suitable 
for ion localization studies in plant ma-
terial at the subcellular level. It may 
be a useful alternative to the technique 
of plastic embedding after freeze-substi-
tution. 
Materials and Methods 
Freeze-drying 
Plant tissue, cut with a razor blade 
into pieces not longer than 1mm at least 
in one direction, was rapidly frozen in 
isopentane which has been cooled with li-
quid N2 to its melting point or in a 2/1 
mixture of propane/isopentane at the tem-
perature of liquid nitrogen (Rick et al. 
1982). The tissue was freeze-dried at 228 
K (-45 °C) for 48 hand was then slowly 
warmed to 293 K (20 °C) over a period of 
16 hand stored over silica gel until em-
bedding in plastic. 
Infiltration with ether 
The procedure of ether infiltration 
under pressure was essentially the same 
as described by Fritz (1980), therefore, 
only a short description is given here. 
The freeze-dried samples were trans-
ferred to vacuum-pressure-chambers. These 
were constructed utilizing commercially 
available valves. At present the best 
available are Rotaflo valves (Dow Cor-
ning). One leg was closed by melting; the 
screw cap holding the teflon valve stem 
had to be replaced by a stronger one 
(made from polyamide). Fig. 1 shows a Ro-
taflo valve modified for pressure infil-
tration. The side arm was c9nnected
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to a 
vacuum pump for 15 min (10- to 10- mbar 
are sufficient). The chamber was closed 





PTFE VALVE STEM 
Fig. 1. Modified Rotaflo-valve (Dow Cor-
ning) for vacuum-pressure infiltration cf 
freeze-dried plant tissue. 
and disconnected from the vacuum pump. 
Dry diethyl ether was filled into the 
side arm and sucked into the vacuum-pres-
sure-chamber (containing the tissue sam-
ples) by slowly opening the valve. The 
chamber was filled completely with ether 
and equilibrated to 296 K (23 °C). After 
closing the valve the chamber was placed 
in an oven at 300 K (27 °C) overnight. 
The pressure which arises in the chamber 
due to the 4 degree temperature diffe-
rence greatly accelerates and improves 
the infiltration of the freeze-dried 
plant tissue; by comparison, at sub-
atmospheric or atmospheric pressure the 
infiltration of some tissues may be in-
complete even after weeks of infiltration 
time. 
Infiltration with plastic, polymeriza-
tion, cutting 
The plastic mixture used for embed-
ding must be apolar in order to reduce 
the risk of dissolving and displacing 
diffusible elements. Styrene-methacrylate 
(Mohr and Cocking 1968) fulfils this re-
quirement. The plastic mixture contained 
50 ml styrene, 50 ml butyl methacrylate 
(Merck, Darmstadt, FRG) and 0.5-0.75 g 
benzoylperoxide stabilized with 50% 
phthalate (Peroxidchemie, Hollriegels-
kreuth, FRG). Infiltration with plastic 
was carried out in three steps: 
ether/plastic 1/1 for 3 h, ether/plastic 
1/3 for 3 h, 100% plastic for 24 h. The 
100% plastic was changed once, and after 
another 24 h the tissue was transferred 
to gelatine capsules and polymerized at 
333 K (60 °C) for 7 days or 313 K (40 °C) 
for 10-12 days. 
Sections, 1 µm thick, were cut on a 
dry glass knife with an ultramicrotome 
(Ultracut E, Reichert-Jung, Vienna, 
X-ray microanalysis of diffusible elements 
Austria), mounted in folding copper grids 
(mesh SO), coated with carbon and stored 
until analysis over silica gel. 
X-ray analysis 
The sections were analysed in a 
Philips EM 420 electron microscope at 120 
kV accelerating voltage with the energy 
dispersive system EDAX 9100. The diameter 
of the electron beam for exciting the X-
rays was normally 250 nm which was in 
most cases sufficient for locating the 
electron beam clearly within the structu-
res of cell wall, cytoplasm, nucleus and 
vacuole. In some cases, especially when 
analyzing the thin cell walls of young 
tissue, it was necessary to use an elec-
tron beam with a diameter of 120 nm. The 
take-off angle was 25° and the time for 
collecting X-rays 60 live seconds. 
Processing X-ray spectra 
The X-ray spectra were processed 
with the SQ program of the EDAX-9100 
software which uses Kramer's law for the 
background fitting functions. The net 
peak intensities per second (CPS) after 
background subtraction were used to com-
pare the element contents of different 
sites of one section and of different 
sections on a relative basis (Russ 1974). 
If the element contents of different sec-
tions are to be compared, an equal sec-
tion thickness is required. The intensity 
of the electron beam was monitored indi-
rectly by reading the exposure time of 
the microscope under standardized condi-
tions (magnification 6350 x, beam diame-
ter of 4 cm, measurement without sec-
tion). As the exposure time is linearly 
related to a wide range of beam intensi-
ties it could be used to convert the re-
sults to the same beam intensity. The ex-
posure time was read every hour but nor-
mally remained constant for many hours. 
Atomic absorption spectrometry 
From two leaves of Brassica napus 
(one in a lower position and one in a 
middle position of the stem) and from one 
leaf each of Lunaria rediviva and Mercu-
rialis perennis and from one leaflet of 
Lathyrus vernus samples were cut from the 
middle of the blade and processed for X-
ray microanalysis (see above). The rest 
of the leaf blades were pressed between 
glass plates and the sap collected, cen-
trifuged and the Ca-content determined by 
atomic absorption spectrometry (AAS). 
Results 
General properties of the plastic 
All tissue samples so far embedded 
could be perfectly infiltrated with 
plastic; however, during polymerisation 
of the plastic some gas bubbles appeared 
in most tissue blocks. Normally, only 
519 
small areas were destroyed by the bubbles 
leaving more than 90% of the tissue for 
X-ray analysis even in such tissues which 
are normally difficult to embed, e.g., 
mycorrhized roots (Warmbrodt and Fritz 
1981) or spruce needles. The plastic was 
soft. Flat unwrinkled sections larger 
than 2x2 mm could be cut easily with a 
dry glass knife. X-ray spectra of pure 
plastic without tissue showed no peaks of 
elements apart from the peak of copper 
coming from the copper grid and a small 
silicon peak probably arising in the si-
licon dead layer of the detector. 
Tissue preservation 
Even though no heavy metal stain was 
used in order to avoid disturbing X-ray 
peaks, the contrast was good. Cell wall, 
cytoplasm, nucleus, plastids and vacuolar 
material could be easily discerned (Figs. 
2-6). Vacuolar material appeared as a 
network of structures caused by ice 
crystal growth during freezing and 
freeze-drying (Figs. 2-4, 6). The vacuo-
les of some cells were structureless, and 
X-ray spectra of these vacuoles did not 
show element peaks (similar to the 
spectra of pure embedding medium, see 
above): clearly they did not contain va-
cuolar material. It seems that the eutec-
tic network of vacuolar material consti-
tutes very delicate structures after 
freeze-drying which may easily shrink or 
even completely collapse or aggregate on 
itself (MacKenzie 1972; Kellenberger 
1987). The structural sensitivity of va-
cuolar material is probably due to the 
high water content and the lack of mem-
branes in plant vacuoles. If it was in 
the sectioning plane, collapsed vacuolar 
material appeared as compact dark masses 
as in Fig. 5 and in the cell on the right 
in Fig. 6; an example of the shrinkage of 
vacuolar contents is shown in the cell on 
the left in Fig. 6. Cytoplasm is much 
less susceptible to collapse: even in 
cells with heavily collapsed vacuolar ma-
terial the cytoplasm usually retains its 
normal position at the cell wall without 
showing highly condensed structures 
(Figs. 5, 6). 
Loss of elements by electron irradiation 
To test the possibility of losses of 
elements under electron irradiation the 
X-ray emissions of vacuolar material, 
plastid and nucleus of a spruce-root cell 
were measured repeatedly under constant 
conditions, leaving the electron beam 
(250-nm spot) on the same area. No ele-
mental losses were observed during a se-
ries of 5-7 measurements, each for 60 
live sec (Table 1). Even chlorine, one of 
the most critical elements in this 
respect (Morgan 1983), was not lost. 
E. Fritz 
Figs. 2-6. Dry cut 1 µm cross sections of 
freeze-dried plastic-embedded tissue. 
Figs. 2-3: palisade parenchyma cells of a 
Brassica napus leaf, Figs. 4-5: spongy 
parenchyma cells of a Mercurialis peren-
nis leaf, Fig. 6: stem tissue of Vicia 
faba. 
C = cytoplasm; CV= collapsed vacuolar 
material; I= intercellular space; N = 
nucleus; P = chloroplast; T = tonoplast; 
V = vacuole; W = cell wall. Bar= 5 µm. 
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X-ray microanalysis of diffusible elements 
Table 1. Mg, P, S, Cl and K detectable in 
vacuole, plastid and nucleus of a Picea 
abies root cell during repeated measure-
ment of the same area (250 nm diameter) 
under standard conditions. Counting time 
60 live sec for each measurement. Values 












































































Displacement of elements during infiltra-
tion with ether and plastic 
Displacement of cell material (and 
hence elements) caused by ice crystal 
growth and by shrinkage or collapse of 
structures could easily be seen in the 
electron microscope. To check for addi-
tional element displacements caused by 
the embedding procedure we are dependent 
on indirect observations because a direct 
comparison with cryosectioned material is 
very difficult. As plant vacuoles are es-
pecially sensitive to collapse they may 
also be more sensitive to displacement of 
elements by the embedding procedure than 
any other cell compartment. 
Ca-distribution within plant cells 
Brassica napus (rape), Lunaria redi-
viva, Lathyrus vernus, Mercurialis peren-
nis and Vicia faba (broad bean) are known 
to accumulate large amounts of soluble Ca 
in vacuoles of leaf cells (Kinzel 1982). 
If the infiltration of ether and plastic 
into the freeze-dried tissue would cause 
displacements of vacuolar Ca this element 
should accumulate at or in the cytoplasm. 
Such a movement of Ca would easily be de-
tected because the cytoplasm normally 
contains very low amounts of soluble Ca. 
X-ray measurements with a broad 
electron beam covering a large number of 
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Fig. 7. Schematic drawing of a spongy 
parenchyma cell of a Brassica napus leaf. 
C = cytoplasm; V = vacuole; W = cell 
wall; x = analysed areas in cytoplasm; 
broken circles= areas of measurements 
with a broadened electron beam in the va-
cuole; the numbers represent the counting 
rates (CPS) of Ca. 
eutectic vacuolar structures were taken 
in different areas of non-collapsed va-
cuoles of many leaf cells of the above 
mentioned plants. Normally, the amounts 
of Ca in different areas of one vacuole 
were very similar. The content of Ca in 
the cytoplasm was always very low or not 
detectable. Fig. 7 shows an example of 
these measurements. Obviously, the embed-
ding procedure did not cause major dis-
placements of Ca, neither into one side 
of the vacuole nor into the cytoplasm. 
Relative contents of elements in vacuoles 
Ca may be associated with eutectic 
structures more tightly than other ele-
ments like K. However, K naturally occurs 
in appreciable amounts in the cytoplasm, 
therefore, dislocations from the vacuole 
into the cytoplasm cannot easily be de-
tected (or precluded). Indirect observa-
tions indicate that this element may not 
be dislocated more than Ca during the em-
bedding procedure: 
In vacuoles the relative contents of 
elements should be the same at each point 
(lack of compartmentation by membranes). 
As an example, Table 2 shows the count 
rates of Ca and Kat 12 sites in the va-
cuole of the cell shown in Fig. 7. Eight 
analyses were point measurements on con-
densed structures of the eutectic net-
E. Fritz 
Table 2. Absolute and relative count 
rates (CPS) of Ca and Kin the vacuole of 
the spongy parenchyma cell of the Bras-
sica napus leaf shown in Fig. 7. Point 
measurements (P) on condensed vacuolar 
structures (250 nm beam diameter), ran-
domly distributed in the vacuole; for 
size and position of large area measure-




















































work, four were large area measurements 
with a broadened electron beam covering 
about 1/4 of the diameter of the vacuole. 
Although the absolute contents of Ca and 
K differed greatly at some analyzed 
points (due to different degrees of 
freeze-concentration), the relative count 
rates of the elements were rather uniform 
at each analysed site within the vacuole, 
irrespective of their position within the 
vacuole, their size (point or large area 
measurement) and the absolute element 
content of the analysed site. This result 
was found in all vacuoles so far analysed 
in different plant tissues and can be ex-
plained only by assuming that there was 
either no (or minimal) displacement or 
dissolving of any element, or by assuming 
that several elements were displaced or 
dissolved to the same extent at all sites 
in the vacuole. It is difficult to ima-
gine that this latter assumption applies. 
Ca-content of vacuoles and pressed saps 
The Ca-contents of vacuoles of indi-
vidual leaf cells of Brassica napus 
(rape), Lunaria rediviva, Lathyrus vernus 
and Mercurialis perennis were determined 
by X-ray microanalysis. Six to 14 vacuo-
les were analysed in each of the palisade 
parenchyma and the spongy parenchyma and 
compared with the Ca-content of the pres-
sed saps of the same leaves as determined 
by atomic absorption spectrometry. Table 
3 shows the results. Reliable quantita-
tive microanalytical data are not yet 
available; however, if we consider the 
relative Ca-contents, the two analytical 
methods yielded nearly identical results 
for the Brassica, Lunaria and Mercurialis 
522 
leaves and a good correspondence for the 
Lathyrus leaf (Table 3). 
Solution of elements by ether or plastic 
If there was a solution of elements 
by ether or plastic (which may be concei-
vable) it should be detectable by analy-
sing structures with high element con-
tents bordering on pure plastic,e.g., eu-
tectic vacuolar structures or cell walls 
with retracted cytoplasm. In the embed-
ding plastic, in close vicinity to these 
structures, no elements could be detected 
even if element contents in vacuolar or 
wall structures were very high. Measure-
ments with finer spots indicated that the 
gradients of element contents across the 
border of a dark vacuolar structure or of 
a cell wall were normally very steep, and 
could fall within a distance of less than 
100 nm from some hundred CPS to zero. 
Discussion 
It has been demonstrated by several 
authors that freeze-dried plastic embed-
ded tissues permit reliable X-ray micro-
analysis of diffusible elements (Edelmann 
1986; Ingram and Ingram 1984; Meyer et 
al. 1985; Wr6blewski and Wr6blewski 
1986). These authors worked with animal 
or human tissues which were infiltrated 
directly with plastic, apparently without 
serious difficulties. Embedding freeze-
dried or air-dried plant tissue with 
plastic is much more difficult (Fritz 
1980; Yatsu 1983). Dry plant cell walls 
form a serious barrier against the pene-
tration of apolar and viscous fluids and 
application of pressure is essential for 
complete and rapid infiltration of the 
tissue (Fritz 1980). Vacuum-infiltration 
of freeze-dried plant tissue with plastic 
has sometimes been used (Bauch and Schro-
der 1982; Grote and Fromme 1984) but in 
my experience this results in only poor 
infiltration of most tissues. However, 
direct pressure infiltration of Spurr's 
medium or other epoxides (without the use 
of an intermedium) as suggested by Vogel-
mann and Dickson (1982) is not advisable; 
thin-walled cells may be crushed by this 
rather harsh procedure (Fritz, unpubli-
shed results). Methacrylates are less 
viscous than epoxides and can therefore 
be more easily infiltrated into dry plant 
tissues. But also embedding in meth-
acrylates is improved by pre-infiltrating 
the tissue with an intermedium of very 
low viscosity such as diethyl ether. The 
final preparation will contain fewer gas 
bubbles, and very delicate structures 
like the eutectic network of vacuoles 
will probably be better preserved. 
Methacrylates have additional advan-
tages over epoxides: a) After pressure 
infiltration with ether the plastic in-
filtration can be carried out under 
X-ray microanalysis of diffusible elements 
Table 3. Ca-contents in vacuoles of leaves. X-ray measurements (EDX) of non-collapsed 
vacuoles with a broadened electron beam. Six to 14 vacuoles were measured in each of 
the palisade and spongy parenchyma. Results expressed as means of X-ray counts (CPS), 
lowest and highest values in parentheses. Pressed saps of the same leaves were 
analyzed by atomic absorption spectrometry (AAS). RC: Relative Ca-contents; means of 
EDX-measurements were calculated under the simplifying assumption that the palisade 






lower leaf 348 (193-643) 172 
middle leaf 212 (111-282) 124 
Lathyrus vernus 91 (65-162) 
Lunaria rediviva 99 (84-116) 
Mercurialis per. 42 (19-61) 
normal atmospheric pressure; with epoxi-
des, the whole embedding procedure has to 
be done under pressure until the tissue 
is fully infiltrated with plastic, other-
wise large numbers of gas bubbles would 
arise in the tissue (Fritz 1980). b) Flat 
dry cut sections are easily obtained from 
methacrylate blocks, dry cutting of epoxy 
blocks requires a PTFE-coating of the 
glass knife (Harvey 1980). 
Styrene-methacrylate was chosen as 
an embedding medium because of its simple 
composition of two highly apolar main 
components, styrene and butyl meth-
acrylate. The apolar Lowicryl HM20 has 
been used in many experiments, also with 
apparently no loss or displacement of mo-
bile elements, but styrene-methacrylate 
is preferred for several reasons: 
a) During heat polymerisation cracks fre-
quently appeared in HM20-infiltrated 
blocks. b) Styrene-methacrylate is much 
more stable in the electron beam than 
HM20. The considerable mass loss of HM20 
may be an advantage by improving the 
contrast and producing a better signal to 
noise ratio (Wr6blewski and Wr6blewski 
1986) but may also cause difficulties 
with quantification of measurements. 
Holes are also burnt easily into the sec-
tion if the electron beam is concentrated 
too quickly for point analyses. 
c) Adherence of plastic to the tissue is 
always a problem with freeze-dried mate-
rial (Fritz 1980); in this respect sty-
rene-methacrylate yields better results 
than HM20. 
The localization of elements in the 
vacuole deserves special attention. Plant 
vacuoles are comparatively large compart-
ments containing water as the main con-
stituent. Membranes are lacking, there-
fore vacuolar contents may be especially 
susceptible to element redistribution du-





CPS RC mmol/1 RC 
(70-276) 1 145.5 1 
(85-199) 0.65 91.5 0.63 
(40-77) 0.29 55.8 0.38 
(45-90) 0.31 44.3 0.30 
(63-103) 0.23 34.5 0.24 
dently, the eutectic network arising du-
ring freezing and freeze-drying forms in 
many cells rather stable structures which 
apparently hold mobile elements in situ. 
Small organic molecules including mainly 
sugars, amino acids and organic acids 
which are dissolved in the vacuole are 
probably responsible for the stability of 
these structures. Differing contents of 
organic material may explain the varying 
percentage of cells with collapsed vacuo-
lar material in different tissues. Accor-
ding to Zierold and Steinbrecht (1987) a 
content of more than 10 % of organic ma-
terial is necessary for the development 
of structures which are sufficiently 
stable to retain mobile ions in situ; in 
vacuoles of plant cells less than 10 % 
organic material may be sufficient to 
form stable eutectic structures. The col-
lapse of vacuolar material probably can 
be reduced by embedding at low temperatu-
res directly after freeze-drying, without 
warming the tissues to room temperature 
(Kellenberger 1987), but this would pre-
vent the processing of large numbers of 
tissue samples as we need for our inves-
tigations. In addition, low temperature 
embedding requires UV-polymerisation; 
most tree roots collected from natural 
soil are coloured dark brown and would 
prevent UV radiation from penetrating the 
root tissue. 
The relative Ca-contents of vacuoles 
obtained by microanalysis corresponded 
very well to the relative Ca-concentra-
tions of the pressed saps determined by 
AAS. This may indicate that non-collapsed 
vacuoles probably permit reliable quanti-
fications of elements by large area 
measurements with a wide electron beam. 
Collapse of vacuolar contents does not 
involve separation or detachment of ions 
from supporting structures; therefore, 
contents of elements in other compart-
E. Fritz 
ments like cell wall, cytoplasm, nucleus 
or plastids are not affected and qualita-
tive ion analysis can be performed even 
on shrunken or collapsed vacuolar 
material. 
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Discussion with Reviewers 
R. Wroblewski: You fix freeze-dried plant 
tissues with paraformaldehyde vapours. Is 
this step a must in the procedure or can 
it be omitted? 
G.M. Roomans: Why do you vapor-fix the 
dried specimens? Is it necessary? Does it 
affect elemental distribution? 
Author: The fixation of freeze-dried tis-
sue with paraformaldehyde vapors is not a 
must in the procedure; however, sometimes 
it seemed to me that tissue showed better 
structural preservation after fixation. 
The elemental distribution obviously is 
not affected by vapor-fixation. 
R. Wroblewski: Freeze-drying at tempera-
tures lower than those used by you should 
give smaller ice-crystal formation da-
mage, which will probably result in 
another pattern of the vacuolar content 
and better tissue preservation. 
D.M.R. Harvey: How was the temperature of 
-45 °C maintained and why was it chosen? 
Author: Minus 45 °C was the temperature 
of the plates on which the samples were 
standing in the freeze-dryer (accurately 
maintained by a
2
cooling 31uid). As the vacuum was 10 - to 10 - mbar the tempe-
rature of the tissue samples probably has 
been lower. A freeze-dryer which allows 
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the drying of large numbers of tissue 
samples at the desirable temperature of 
-70 to -80 °C was not available. 
T. v. Zglinicki: As a proof of the proper 
retention of ions the author demonstrates 
the constancy of elemental concentrations 
relative to Kin the vacuole and the exi-
stence of steep concentration gradients 
between adjacent compartments. However, 
in every essentially freeze-dried prepa-
ration the ions adhere as counter ions to 
the macromolecules. The problem is the 
distance they can travel before and during 
preparation. Even if this distance is 
larger than, say, the diameter of cells, 
counter ion binding will result in repro-
ducible but possibly artefactual distri-
butions like those demonstrated, depen-
ding on the ionic properties of the 
macromolecules in different compartments. 
Though, to convince the reader that this 
technique is reliable, a comparison with 
independent results is absolutely neces-
sary. 
L. Edelmann: Do you have microanalytical 
results obtained from cryosections or 
sections of freeze-substituted material 
which confirm your data? 
Author: The analysed plant vacuoles pro-
bably do not contain macromolecules, cy-
toplasm does, yet the vacuolar elements 
do not migrate into the cytoplasm (cf. 
Fig. 7). If a migration of ions to bin-
ding sites at macromolecules would have 
occurred during embedment Ca should have 
been accumulated in or at the cytoplasm. 
This has never been observed until now. I 
think it is not clear how mobile elements 
are held in the eutectic network of a 
freeze-dried plant vacuole, macromolecu-
les do not seem to be necessary. 
It is nearly impossible to cryo-
section plant material except meriste-
matic tissue; with respect to the reten-
tion of diffusible elements, this may be 
more critical for freeze-substitution 
than for freeze-drying (cf. Echlin and 
Saubermann 1977); therefore, the micro-
analytical data were confirmed by atomic 
absorption spectrometry of pressed leaf 
saps. 
T. v. Zglinicki: A drawback of the tech-
nique common to all freeze-drying schedu-
les is the poor ultrastructural preserva-
tion of, e.g., the vacuole. Could it be 
improved? Why this technique is used in-
stead of freeze-substitution? 
L. Edelmann: What is in your opinion the 
advantage of the used freeze-drying pro-
cedure compared to a suitable freeze-sub-
stitution procedure which most likely 
would yield better morphological results? 
Author: Freeze-substitution yields better 
structural preservation, but if elements 
are only to be localized in larger cell 
compartments like cell wall, cytoplasm, 
E. Fritz 
nucleus, plastids or vacuole the structu-
ral preservation obtained by freeze-
drying at -45 °C is sufficient. It can be 
improved by freeze-drying at lower tempe-
ratures with results which are nearly as 
good as those obtainable with freeze-sub-
stitution (cf. Edelmann 1986). Freeze-
drying has one major advantage over 
freeze-substitution: large numbers of 
freeze-dried samples can be stored over 
silica gel for a long time (at least for 
one year, probably for many years) with-
out redistribution of diffusible ele-
ments; tissue pieces can be selected la-
ter for embedding, and the embedment can 
be repeated with a modified procedure or 
with another type of plastic if the first 
embedment was not satisfactory. 
L. Edelmann: According to own experience 
(Edelmann, 1978, Microsc. Acta, Suppl. 2, 
166-174) very low probe currents may be 
necessary to avoid ion redistribution im-
mediately after starting of a microanaly-
sis if no liquid N2-cooled specimen hol-
der is used. The questions: Was the elec-
tron microscope equipped with a cold 
stage and did you consider the possibi-
lity of ion redistribution just at the 
beginning of the first X-ray measurement 
at a specific place? 
Author: The electron microscope was not 
equipped with a cold stage. It cannot be 
excluded that there was a loss of ele-
ments during very early stages of elec-
tron irradiation. However, this must have 
occurred during the time needed for loca-
ting the electron beam at the desired 
place (before starting the X-ray measure-
ment), otherwise the constant counting 
rates (Table 1) could not be explained. 
I assume that this possible loss of ele-
ments is equal in tissue sections and 
standards (provided that the same plastic 
was used for embedment) and therefore 
does not affect quantification. 
D.M.R. Harvey: How is the detected X-ray 
signal affected by the folding over of 
the Cu grid? (It is not always possible 
to align the two halves exactly). 
Author: With some experience it is possi-
ble to align the two halves of a folding 
grid very exactly. The X-ray signals (net 
peak intensities over background) of ele-
ments are only affected by the copper 
grid if the distance to the grid bar is 
small, therefore a minimal distance of 
about 50 µm from the grid bar was main-
tained. 
D.M.R. Harvey: Explain the deconvolution 
of the K Kfl and Ca K~ peaks. 
Author: The EDAX SQ software uses the ha-
lographic method which is an improvement 
of least square fitting of shell multi-
plets to the spectrum. This method is 
very accurate. 
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G.M. Roomans: What plant tissues have you 
prepared for X-ray microanalysis or auto-
radiography with this method? Have you 
found that some tissues cannot be prepa-
red with this method? 
Author: Until now, the described proce-
dure has been applied successfully to lo-
calization of diffusible ions in the fol-
lowing plant material (additional to that 
mentioned in the text): roots of Picea 
abies (Godbold et al. 1988); needles of 
Picea abies; roots of Fagus silvatica; 
roots, stem tip and leaves of Populus; 
leaves of Vicia faba, petioles of Phaseo-
lus vulgaris; roots and leaves of Azolla 
(Sela el al. 1988); pulvini of Mimosa pu-
dica (Fromm and Eschrich 1988b; this ma-
terial was embedded in Spurr's medium). 
Unsatisfactory results were obtained only 
with leaves of Fagus silvatica, although 
this material could be infiltrated com-
pletely with plastic; large amounts of 
gas bubbles appeared in the mesophyll 
during polymerization. 
The methodical related embedment
4
in 
Epon-Araldite or Spurr's medium for 1 C-
microautoradiography of diffusible sub-
stances (Fritz 1980) has been success-
fully used for leaves of Zea mays (Fritz 
et al. 1983; Fritz et al. 1989), leaves 
of Hordeum and cotyledons of Rizinus 
(Fritz, unpublished); stem, petiole and 
leaf tissue of Gomphrena and Amaranthus 
(Blechschmidt-Schneider and Eschrich 
1985); leaves of Coleus (Fisher and Esch-
rich 1985); stem tissue of Picea abies 
(Langenfeld-Heyser 1987, 1989); leaf, 
pulvini, petiole and stem of Mimosa 
pudica (Fromm and Eschrich 1988a). 
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